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The influence of deformation bands upon fluid flow using
profile permeametry and positron emission tomography
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Abstruct. Cataclastic deformation bands are  significant
discontinuities in sandsione  reservoirs sinee  they  have
dramsatically rediscsd porosiny and permeabidlity relative (o
their host rock, despive thelr mm-scale displacesnents.
Consequently, these discantinaities allen have a large impact
upan the flow of fluids &t both micro and maomescales. The
effect of this impact in highly porous sandsiome has been
annlyzed wing a mngs of novel and conventional technigues,
inchuding pressare decay profile permeametry (FDFK) and
positron  emission somography (PET). Thee s greser
reductions in POPE. permssability in delormation  bamls
relative 1o thear host rock compared to conventional nitrogen
permeametry measurements, Thizs apparent discrepancy is the
autcome of the higher spatial resolution of PR techaigue in
measuremenis of much smaller rock volumes. There are
pgreater  porosity  redusctions  using  image  anahsis  than
convendiomal core bechmigues. These changes are reflected in a
significant increase in imeducible water sobarations (5. in
deformation bands indicating much reduced fluid storage
capacities, PET was used o momitor flusd flow as a function
of pore volume of & sandstone plug comtaining deformation
bardds, demonsirating the direct effact of deformation bands as
a potential barrier o foid Now, The nesults of this study
prowide a detailed chamclerization of deformation bands at
high resalution, which can be inclisded in advanced reservoir
simulation models,

1. Introduction

Deformation bands are thin lawerally continuous structures
characterized by blized cisclass amdior compaction
[Aveliz, 1978: Pittman, 1981; Antorein and dydin, 1994],
ardl are commonly found in gbundance in close proacimity io
magar faulis [Beack er o, 1999]. Deformation bands can
pariially or compbetely compartmentalioe bydrocarbon and
wilet  reservodns, comlribuling o significant  reservoir
heterogeneity, as a result of their considernbde bemgth | Foasses
ard Hestbameser, 199E] and their low porosities and
permenbilities [Amoaellin gad dpadia, 1994],

The cffects of deformation bands upon petrophysical
parametirs have been shsdiod using relatively low resolulion
wchnbques such as comventional cone analysis [Antamelind
amd Ayin, 1994), scanning electron micrescopy (SEM) and
cathodaluminescence (UL} [Fisher amd  Emipe, 1998],
However, we have analyzed a range of petrophyskcal
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paramelers across cataclastic deformaticn bands in the Late
Permian Hopeman Sandstone (lnner Moray Finh Basin
Scotland) wsing sevemnl novel lechniques, supported by
comvenisonal measuremenis,

Image anahsis of oplical thin sections amd pressure decay
profile permeametry (POPK) wene usad 10 map ponosity and
permeability respectively across 20 cross-seclxans al’ samplhis
containing deformation hands. Positron emission iomography
{PET) scanning was used to analyze the fluid distribotion arl
track ke fluid flow theough n core plug comtaining
deformation bamds. This technigue is however rormally used
for medical purposes such as monitoring blood flow through
the hody [Axhorgfl o af, 1992; Besvom of af, 1992).
Conventional helium porosimetry, mercary injection capillary
pressure  measarements  (MICP)L,  and  nilrogem gos
permcametty were used o provide supporting data in the
form ol porosity. klinkenberg permeability (Ko, capillary
pressure and imeducible water safuration delermmalions (5.0
Oihservations of porosity and permeability vanabon aonoss
deformntion hands were made wsing a scanming  electron
microsoape in backscaltered electron maging mode [SEM-
BSEI,

2. Geological Setting

The Late Permian Hopeman Samdsions i locatsd on the
soithern shors of the Inier Mosay Firh Basin, Scotland, It is
a well-saried, porous, quarte comentod samdstone of asolian
arigin. In the shxly area a1l Cummingstesn  Sreshone
[MIN32639] it is hast 10 o damage zone of cataclastic
deformation bands arcend the regional-scale Lossiemouth
Fault, Thess extensional structurss have much reduced
permeability amd porosity relative o the host sandstone and
they dramatically incresse in frequency iowands  the
Lossiemouth  Fault [S.R Cgilvie o of, manuscript in
prepamtion, 200], The fmulting oocwmred predominaely in
the Jurassic [Frostick e al., 19388] and the fuli systems have
subsequently been reactivaied alloswing the passage of fluids
amdl precipiation of cements, according 1o the two-stage
readctivation model of Edvards e al. [1993].

3. Procedure and methodology

Pressune decay profibe permeametry (POPK) misEurensis
invalve placing a probe against the sample which injects inta
the rock n knowm volume of nmitvgen gas o a defined gas
preasure. The decay of gas pressure is moniiored as the gas
flows away through the rock, and this pressure decay is used
o caleulate a slip-comected {klinkenberg) permeabdlity for the
rock ab the given pasition.  Blocks of highly poroas sandstone
comiaining womes of deformation bands were sawn o provide
flwt surfaces, which were then phologrphed (eg., Fig. la)
Centimeter grids were pengilled onto the sampls 5o tha
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Figure 1. Hetercgeneities across a deformation hand in the
Hopeman Sandstone. (a) Caore photograph with afmple and
defirmatson band ksaisons, The defoemation band is shown
as the light mrea nanning from iop left to bottom right (b)
Permeshility profile of sandstone core in {a) using FDPE.

nitropen permeabilicies could be measured m each e ol thee
grid wsing the method describod in Jones [1992], Slip
cormeciod (kimkenberg) permeabilities were obtained fnom the
megsured pressure decay dala using & mendified Darcy’s
equation [Lomes, 1592] and plotted as a cantour map (Fig. Ibh
Figure la shows a pholograph ol &n example of & slabhed
rock shosing the koeation of the deformaiion band and the
position of the samples taken for other measurements nepariad
im this wark.

Two-dimensional pornsities of thin-seclions  containing
delrmatson bands were messurad wing Sigme Scin-From™
image amabysic software. Samples of rock were inken from
the slabbed ook and impregnated with an epoxy contaming &
bhue dye. Thin-sections were made of these rock samples and
imnaged using a high quality digital colour camera. The imag
analysks soffware was used w sepamie the porous aress
represented by bBlue dye from the matrix srea w=ing a
calourimtensily astoll. Twordimensional porsily vabess were
chawined in nine reciengular regions across ench thin section,
from which porosity profiles across the deformation bands
were constructed (Frg. 2al

Heliwmn porosity and nitrogen pemmeability amadvses were
carmied out an 3 (1 inch diamseter) cone pligs taken from tee
alahbed ok o charscterize their mesn porosity and
permeshility. These were laken Som the host rock (sample 31,

defiemation band zone (sampde 1) and fom the transiconal
aren hetween them (sample ) a8 shown o Fig 1B In
addition, these thres samphes were subjeced to the RICHK
techmlque, which provided the mean porcsity of each sample
together with their capillary pressure curves and their pore
size distributions. Capillary pressures are a godod measurg of
the sealing properties of a nock |Dowrey, 1984) and are
significanily higher in the smaller pore radii of deformation
hands. compared o their host nock [Anfosellin and Aypdin
1994]. Irmedugible waler saturation (5.} was caloslated from
this dstn, which was converted to oil or gas-bring data using
appropriate contact angles and  interficial densions. The
comrversion wied wis Up {odl-brime] = 0.070 Cp (Air-Hgh

Pesitren emission scanning was wsed b analys: flissdl flow
thmoagh @ cylindrical sasdsione plug with o diameter of 3.5
cm oand & length of 6.8 om {134 cm® pore volume) cul
chliquely to the deformation band zone (Fig. 1a) This plug
was complelely sealad with Y isonr= nbber and polyarbonate
aleeves, and with Mylon™ 66 emd caps equippad with fliiid
distribution groowes and pressurs ports allowing @ fluid o be
paased sodally through the plug withow lekape around s
sidas.

Price o PET scanning, the phug was saturated with distalle
wigler in crenie a compatible medium for the fsotopies solution,
An aqueous solutcm with & 4= 107 mCil concentration of

Trwrabonal

Defoarsakon i &)

Famipha Mismitar
Figure 2. Conventioral measuremints on the three samples,

locations shawn in Fig. la. (n) Image amabsis-dinivid

ity prafibe of a thin-section awoss a delormation band.
() MICP-derived capillany pressund ciifves with 5. variation
im the samples. (c) Retationship between the stompe capacity
(black) and 5. {hatched) in the samples,
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Figure 3. PET-scanning analysis of a mdicadive fuid
throuph & cross-section of a sandsione plug. (n) Frames
showing the distribution of radioactive faid &5 & function of
imjecied pore volame (P.V) and time (T). (b) Dstribution of
different  radicactive  concenteslions  sothin  normalized
rcliogctivity bins, These bing are included in the legend (o)
Peroentage of the aren covered by the mdicactive fluid and by
cach ol the four nomaalized radioactive conceniration aomes.
The sssoctated sviwbals are shoam in the legend.

glucase containing very short half-fife acting adisisolopes of
Bhuorinz- 18 '?F b was pumged at 15 mlfmin into the sample,
Aloms of this redioactive flusd cooupying the pores emil
poslrons, wheeh quickly imtersst wilh e 1 pive PWo
photons  travelling in almest  epposile  directions.  These
photons are detected by a ring of sensors, aking acceunt ol
thi coincidence of their arvival, The detecied photon data ane
then analyred 1o prodece a three-dimensional map of '.: F in
the rock represeniimg the pore space pccupied by the injected
radicaciive faid.

The rediosctinve fuid was flowsed from the emd al the cone
misg withow the deformation hasd 1 the end which was

intersected by the oblique deformation band owver |5 mingses,
in which 30 PET scans were completed. Each fmme comtains
enough mivrmation © medonstnect the 30 dambation al
radinactive trecer at the time that each was inken

4. Resulis

The methods of messuring pomseability, FOPK and
conventional  core  (niegen)  permeameiry  are  both
‘klinkenberp-type”, tests bul they pive different resulis. The
high-mmgiun permeahiliny  image resulting from POPE
{Fig. Ib) shows & detailed permenbility distibution acmss a
deformation band rome. This i domdnssed by & swathe of
permeshilities  from 0004 0 &KX mD with a modal
permeshility of 3 mD, which coincides with the 2-3 am tock
mone of deformmation bands as seen im the core image (Fig. 1a)
Therefore the deformation hand zone has low permeabilitses.
compared b the permeabilities of the irsmsitionsd srea and the
host rock (632 1o BORD ) This represents up oo & orders of
magnitude of permeability reduction (Table 1), Hiwiver,
conventicnal nstngen pesmisabilitles from three plugs, whase
lpcations are shown in Fig. la, show a bess dramatic
permeability reduction of shoul | order of magaide {Tahle
11, The main difference bepwesn these technigues is o resuld
of the higher spatial resoletion of the PDFK sechnique,
rezullimg in measurerments of much amaller volames of reck,
Hemce, e POPK. technigque ohserves significant permeability
anisotropy al the mn-scale compansd w0 eore pemmenhilities
meeasured # the omescole {eg., nitrogen permeametry].
Pormeahility beterogeneily usieg & much smaller grid in
POPK is expecied o be even greater between the host mock
and the deformation band.

Parcsily helerogeseity at micrc-scale (<1 mm) can be
observed using SEM-BSE] in both the deformation s and
hast sandstone, In the former, this i5 & result of wariations in
michanical deformation, which has reduced grain sines and
incnzased grain packing. Incrcased grain packing s alded by
the meduction in sodting &5 observed in the experinsental
defammation bands of MWeée e @l [D000]. However, i\ thi hosl
ek, mechanical deformaiion does  nob coninbuie o
heterngeneity to the same extent

Porsily meisunsmists on coee samples (at cm-scale) show
n poncsity redection of up to0 55% using belium porosimetry
amd meercury injection capillary pressune technigues { Table 1)
The viabees mcasuned by MICP are smaller than those derived
using helium porosimetry, bocwse mercury © nol abke 50

Table 1. Porosity, Permscability and brreducible Waier Saurations for Samples contmining Host Rock, Deformation
Rands and a Transiiional Zone betwesn Hosd Bock and Deformation Bands.

Sampio Sampl ocalion S (] Pormiry | Kimkenberg Permeshiliy imE9
MICF  Heigm  nacP Irirge Enlyss Kx FOFE

1 Deformation band #23 133 500 4-10 555 00034 - 397

H Tremsilionsd 1.2 205 18.35 113 77 9.6 - K39

3 Hasl nisck 1.3 28 14:93 15 - 21 1750 30T 3080




reach the smallest pores in the sample. By comparison -
dimensimnal porcsity mapping of o thin-section using image
analysis shows a reduction up o 75% from the defmation
bard #o the hast rock (Table 1: Fig. 2a). With this nps of
msurement, a mors detalled profile of the micro-seale (mmj
parcsity of the mock is obinined than with the use of 2D men
parcsity, despite of the fact that the former depends on the
thiresection arientation with resped W the aretation of the
pores. Hemee, differences in the porosity between the host
ok amd the deformation band are also dependent wpon the
scale of the measarement, but not as proncusced & i the
case of permeabaling

There i a comsiderable varistion in capilbary pressus: and
derived imeducible water saturation [5.) among the core plug
sasniphés (Fig. 2b; Table 1) The wariation im 5., among the
three plug samples is the result of o decrease im the pone simes.
or pore throst soes in the deformation band compared 1o the
Badt rock, which i reflected in am associated reduction of
fhaid ssorage capacity (Fig. 2c).

Positron emission iomography scanning was used o obiain
the distribulsan al a doped mdiactive aquecis s aloag an
aninl erosg-section of & cylindrical core plug contaiming 2
deformation band mone 2 shown in Fig. la Figure 3a shows
the distribution of radiosctive flusds im the core during the
experimeit a5 & fusction of injected pore volumes (PV) of
doped fluid and time.

To mondor the movement of the rsdicactive flusd ar
differesl pomoentration levels with time, the ar of the axisl
cross-section of the core plug was  divided into four
normalized mdicactive bins representing differemt degress of
radivactivity (Fig. 30 Variatons i the exient of these hins
depend on ihe local porcsity of the rock, and the exent io
which the local pore volume i= saturated with rodicesolops:
doped fluid. In genemal the radicactive fluld displaces the
original fiuid in the pores rapidly until 4 PY of adiosctve
fluid bave been injecied, imvading approximately 72% al wtal
area of an axial section of the plug (Fig. 3b) This proporion
al the sample s the relaiively highly poroas and permeable
ot rock. After this stage, the mb= of irvazion reduced, which
is reflected im smaller incremental increases in the anca of the
fisck contalaing the mjected fluid (Fig. 5ch The maximum
area contniming inpected mdicactive foid is approximasety
BD%% of the 1ol are of the axial section through the sample.
This i8 e resull of tee inflisence of the defomation band
sealing off {comparimentalizing) the remaining 20% of the
samale (Fig. ko). Omce the plug is predominandly saturansd by
radiosctive Mlsid, teere are intemal displacements of diffirens
radicactive comcentrmtion hins within the plag, which may
reflect the pores preferentially filled by the  injectod
radicactive fluid. This can be seen in the waristions of
normalized radiosctive biss with Injecied pore volume (Fis.
3k amd 3c), which are much greater along the fluad direction
tham normal &o this.

5. Conelusions

The resuhiz of the FINFK and PET scanming techmigues
demanstrate  the influence of deformatiom bands as a
significant barrier to fluid fow. This s the resull of
considersble roduction in porosity and permeabiliny imo the
defsrmation hand rone, which & related o 8 reduction in the
sandsione stomge capacity. These differences im the porasity
and permeability between dhe bosi rock and the deformation
hand &re dependent m different levels apon the scale af the
measurement of the technigoe wsed.

High reschuticn PDPE. mapping of deformation bands has
significant application i determining misro-scals vamations
in permeability across mek surfaces, In this swdy PET
scanning has proven to be a successful lechmigue 1o visualine
the influence of deformation bands a8 potential Barriers o
fluid fow, abthough it & normally wsed for medical paposes
such 2= momitoring blood flow through the heart. b also kas
been applicd in racing the migration of radicactive Buids inta
rocks. In further siudiss, the distribution of the radicactive
fluids resulling from this technigue has the paiential for being
used o moniioe petrophysical properties of nocks such as
bkocal porsiny, bocal permeshiliny snd dilfusion af fluids.
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